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Supplementary Methods
S1. In silico model of bone remodeling
S1.1 Mechanosensing by osteocytes
Osteocytes buried in a bone matrix are believed to sense mechanical stimulus and transmit the mechanical signal to the bone surface cells, such as osteoclasts and osteoblasts (17). In our in silico model, osteocytes were assumed to be susceptible to von Mises equivalent stress of the surrounding bone matrix eq. By introducing the number density of osteocytes in the bone matrix at the spatial position x, ocy(x), the mechanical signal produced by osteocytes per unit bone volume, Socy(x), was defined as
where ocy(x) is a modified equivalent stress given by
This equation implies that the osteocyte sensitivity to mechanical stimulus is limited between constants min and max.
The mechanical signal Socy produced by the osteocytes is transmitted to the bone surface cells through the intercellular network. The cell located on the bone surface xsf (see Fig.   1a ) can acknowledge the neighboring mechanical state Sd(xsf) as
describes the decay in the signal intensity relative to the cell-cell distance sf l  xx , and lL is the maximum distance that determines the intercellular communication region . We assumed that the ratio of Socy(xsf) to Sd(xsf), denoted by Sr(xsf)
is significant mechanical information that influences bone remodeling. This modeling indicates that osteocytes regulate bone resorption and formation to seek a locally uniform mechanical state (18).
The values of parameters used in this section are specified in Supplementary Table S1 .
The number density of osteocytes ocy was estimated from the mean length between osteocyte lacunae (43). The maximum and minimum von Mises equivalent stresses, max.
and min, were arbitrarily set by reference to the stress distribution in the control models.
Maximum distance for intercellular communication lL was determined from the distance of calcium propagation between bone cells (44).
S1.2 Activator and repressor functions
In the process of bone remodeling, biochemical environment regulates the production of signaling molecules from the bone cells, and influences the cell differentiation and apoptosis as well. In order to take into account these phenomena, activator and repressor functions were introduced in our model based on the concept of the Hill function (15). The activator and repressor functions of a variable Xi (Socy or i) are written in the following form, respectively
where the index i denotes the name of a molecule or cell. The constant Ki is the activation constant in Eq. (S6) and inhibition constant in Eq. (S7), and n is the so-called Hill coefficient, describing the steepness of the function.
S1.3 Intercellular signaling
Intercellular signaling is achieved through several processes, including production, degradation, diffusion, and the reaction of various signaling molecules (see Fig. 1b, c) .
The averaged behavior of each signaling molecule that results from these multiple processes can be expressed by the time evolution of the molecular concentration. More specifically, the concentration of the signaling molecule i, i, within the bone marrow was assumed to be varied according to the reaction-diffusion equation, which is written in the following general form
where kdeg is the degradation rate constant, and Di is the diffusion coefficient. The first term   0 i P  denotes the production rate, and the function Rij in the last term represents the reaction of molecule i with molecule j, such as ligand-receptor interaction (14-16).
Based on Eq. (S8), we described the spatial and temporal behaviors of specific signaling molecules associated with bone remodeling.
Sclerostin
Sclerostin exerts an inhibiting effect on osteoblastogenesis by blocking canonical Wnt signaling (6, 22) . The behavior of the concentration of sclerostin SCL was described as
Considering that the production of sclerostin from osteocytes is reduced by mechanical loading (25, 45) , the sclerostin production rate PSCL was given by 
and SCL is the maximum production rate of sclerostin. Hereinafter, i denotes the maximum production rate of the signaling molecule i.
RANK/RANKL/OPG
RANK-RANKL interaction is responsible for osteoclastogenesis (7, 12) . Conversely, OPG inhibits osteoclast formation by binding to RANKL to prevent it from binding to RANK (7, 12) . The behaviors of the concentration of RANKL in soluble form, RANKL, and the concentration of OPG, OPG, were respectively described as
It is reported that the RANKL expression is enhanced by sclerostin (46, 47) . Hence, the production rate of RANKL, PRANKL, was expressed by using the activator function (Eq. which is applicable only on the bone surface, exclusive of surface osteoclasts. The production rate of OPG, POPG, was assumed to have a positive constant value only on the bone surface, exclusive of surface osteoclasts. The reaction term between RANKL and OPG in Eqs. (S12) and (S13) was represented by
where RO on k is the association binding constant for RANKL-OPG binding.
Sema3A
Sema3A inhibits osteoclastogenesis and promotes osteoblastogenesis through the formation of Sema3A-Nrp1-PlxnA complex (24). Hence, we consider the concentration of Sema3A, Nrp1, PlxnA, Nrp1-PlxnA complex, and Sema3A-Nrp1-PlxnA complex, which are denoted by Sema3A,Nrp1,PlxnA,NP, andSNP, respectively. The behaviors of these molecules and complexes were respectively described as follows
Equations (S17)-(S20) do not include the diffusion term because the corresponding molecule or complex is trapped on the cell membrane. 
which is applicable only on the bone surface, exclusive of surface osteoclasts. The production rates of Sema3A in Eq. (S16) and PlxnA in Eq. (S18), denoted by PSema3A and PPlxnA, respectively, were assumed to be constant. The former has a positive value only on the bone surface, exclusive of surface osteoclasts, and the latter has a positive value within the whole bone marrow region.
The values of parameters used in this section are specified in Supplementary Table S2 .
Among the parameters listed in Table S2 , the diffusion coefficient of each protein (DSCL, DRANKL, DOPG, and DSema3A) was estimated using the Stokes-Einstein equation, which gives the diffusion coefficient of spherical particles in a fluid with low Reynolds number.
To apply the Stokes-Einstein equation, the molecular radius of each protein was approximately calculated based on the molecular weight and radius of G-actin. The other parameters were arbitrarily set to reproduce the results obtained by in vivo control experiments shown in Fig. 4 . The results of in silico experiments are particularly sensitive to the activation/inhibition constants for sclerostin, RANKL, and Sema3A-Nrp1-PlxnA complex (KSCL, KRANKL, and KSNP) because their parameters are associated directly with the probabilities of cell genesis and apoptosis defined in the next Section S1.4.
